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What is dark matter?
• What is the nature of  DM?

State of  the “art"

Mass scale of  DM



Ultra-light dark matter

“Ultra-light dark matter”, E.Ferreira, 2020. The Astronomy and

Astrophysics Review.



Ultra-light dark matter

“Ultra-light dark matter”, E.Ferreira, 2020. The Astronomy and

Astrophysics Review.
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Ultra-light Dark Matter
Ultra-light candidate, cold Large λdB ∼ 1/mv

Lightest possible candidate for DM

10−35 kg10−57 kg

Bosons


Non-thermally produced



Motivation: particle physics
ULDM candidates 

Ref.: Modified from Chadha-Day et al 2022

Many extensions of  the Standard Model predict additional massive bosons

Natural candidate for a light scalar field is a pseudo-Nambu Goldstone boson

Tensors

(spin 2)

- Formation mechanism: needs to have a relic 
abundance that gives the correct DM abundance



Motivation: particle physics
ULDM candidates 
Many extensions of  the Standard Model predict additional massive bosons

For most of  this talk: 
Gravitational signatures!

Tensors

(spin 2)

Ref.: Modified from Chadha-Day et al 2022



Astrophysical signatures



Large scales: 

DM  behaves like standard 
particle DM (CDM).


Small scales: 

DM behaves like a wave 


DM: particles
d � �dB
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DM: wave behaviour

�dB
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Adapted from Quanta

Galaxy halo

Ultra-light candidate Large λdB ∼ 1/mv

10−35 kg

λULDM
dB ∼ pc − kpc
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10�25 eV . m . eV
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10�60 kg

Lightest possible candidate for DM

Ultra-light Dark Matter



Ultra-light Dark Matter -classes
3 classes: 

“Ultra-light dark matter”, E.Ferreira, 2020. The Astronomy and

Astrophysics Review.

DM Superfluid Self  Interacting FDM

 (SIFDM)

Fuzzy DM 

(FDM) 

- Gravitationally bounded ultra-light 
scalar field model 
 - Presence of  (weakly) self-interaction
 - Forms a superfluid in galaxies


- MOND behaviour interior of  
galaxies

Axion and ALP (axion like particles)

Connection with condensed matter and particle physics!⟶
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L = P (X)



Fuzzy dark matter




Fuzzy Dark Matter

Fuzzy DM 

(FDM) 

- Gravitationally bounded ultra-light 
scalar field model 

m

Wave DM








(Reviews: EF (2021), J. Niemeyer (2019), L. Hui (2021))
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10�22 eV < m < 10�18 eV



Cosmological evolution
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m > 10�28 eV ⇠ H(aeq)
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Boson/ Scalar field in a cosmological (FRW) background



Cosmological evolution
Boson/ Scalar field in a cosmological (FRW) background
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m > 10�28 eV ⇠ H(aeq)

Condition DM today:



Evolution on small scales: take non-relativistic regime of  the theory, relevant for structure formation. 

Schrödinger-Poisson system : describe the FDM and the SIFDM

Fundamentally different than 
CDM/WDM/SIDM!


i ̇ =

✓
� 1

2m
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g

8m2
| |2 �m�

◆
 

r2� = 4⇡G(m| |2 � ⇢̄)
<latexit sha1_base64="5U29PN8QJ+0Hak72J/ExoHMmXmk="></latexit>

Schrödinger equation

(Gross-Pitaevskii)


Poisson equation

g = 0

g 6= 0 SIFDM

FDM 

Madelung equations

Pint = K⇢(j+1)/j =
g

2m2
⇢2
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v̇ + (v ·r)v = � 1

m
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Vgrav � Pint �
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Structure formation - non-relativistic regime

Finite Jeans length - 

Suppresses 

structure formation 
on small scales



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021

* Focus only in gravitational signatures

Axion clouds

Baumann et al. 2019



Phenomenology
Suppression of  small structures 

Finite Jeans length    or  λJ λattr , λrep Suppresses small scale structure

POWER SPECTRUM (sub) HALO MASS FUNCTION

FDM

FDM
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Power spectrum: highly constrained for 

                                           unconstrained for 
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Phenomenology
Suppression of  small structures 

Finite Jeans length    or  λJ λattr , λrep Suppresses small scale structure

POWER SPECTRUM TRANSFER FUNCTION

FDM
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- Degenerate with WDM



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021



Phenomenology
Formation of  cores 

NO structure formation

Stable, oscillating solution

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

NON-LINEAR 
evolution:  need 

simulations

Fuzzy DM



Phenomenology
Formation of  cores 

NFW

From simulations Schive et al. 2014, fitting function:

NFW

observed

Relations used to compare 
with observations

FDM Updated in Chan, EF et al 2021



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021

* Focus only in gravitational signatures

Axion clouds

Baumann et al. 2019



Observational implications and constraints

Springel & others / Virgo Consortium

ESA and the Planck Collaboration

NASA and ESA

N
ASA and ESA

CC BY 4.0

CMB+LSS

Galaxies

Clusters

Dwarfs 

Stellar stream

Globular clusters

ESA



Observational implications and constraints
Fuzzy Dark Matter - bounds on the mass

“Ultra-light dark matter”, E.F., 2020. The Astronomy and

Astrophysics Review.

Bounds consider FDM is all DM

 ,  

      Strong lensing

PTA

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


 ,  

      Strong lensing

PTA

“Ultra-light dark matter”, E.F., 2020

Springel & others / Virgo Consortium

ESA and the Planck Collaboration

Dwarf  galaxies

NASA and ESA

21-cm 

Stellar stream

Superradiance

Current status
Fuzzy Dark Matter - bounds on the mass

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Observational implications and constraints

CMB/LSS
Lyman alpha

Hlozek et al, (2015, 2018)

Armengaud et al. (2017); Iršič et al. (2017);
Rogers et al. (2020)

<latexit sha1_base64="LlSwJuc94q1hcVJTk1H6VcEd+dY=">AAACE3icdVDLSsNAFJ3UV62vqEs3g0UQ0ZIURZdFNy4r2Ac0sUym03boTBJmboQS8g9u/BU3LhRx68adf+P0IdTXgQuHc+7l3nuCWHANjvNh5ebmFxaX8suFldW19Q17c6uuo0RRVqORiFQzIJoJHrIacBCsGStGZCBYIxhcjPzGLVOaR+E1DGPmS9ILeZdTAkZq2wcSez0wvsRl7AGXTGPXuUmPyk6GvUPsSQJ9JVNWz9p20S05Y2DnF/myimiKatt+9zoRTSQLgQqidct1YvBTooBTwbKCl2gWEzogPdYyNCRmuZ+Of8rwnlE6uBspUyHgsTo7kRKp9VAGpnN0ov7pjcS/vFYC3TM/5WGcAAvpZFE3ERgiPAoId7hiFMTQEEIVN7di2ieKUDAxFmZD+J/UyyX3pORcHRcr59M48mgH7aJ95KJTVEGXqIpqiKI79ICe0LN1bz1aL9brpDVnTWe20TdYb59DzZyJ</latexit>

m & 2⇥ 10�20 eV

so enough Mpc-scale power in Ly-α forest at z = 5.

<latexit sha1_base64="qsTirAeRwrZrH5V/sp4JQvn1+ik=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJVURTBWsDAWiT6kJlSO67ZWbSeyHaQqyszCr7AwgBArX8DG3+C0GaDlSFc6Oude3XtPEDGqtON8W4Wl5ZXVteJ6aWNza3vH3t1rqTCWmDRxyELZCZAijArS1FQz0okkQTxgpB2MrzO//UCkoqG405OI+BwNBR1QjLSRevYhh95QG59D17lPzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpq+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9eDST6iIYk0Eni0axAzqEGa5wD6VBGs2MQRhSc2tEI+QRFib9EomBHf+5UXSqlbc84pzWyvXr/I4iuAAHIET4IILUAc3oAGaAINH8AxewZv1ZL1Y79bHrLVg5TP74A+szx8VtZlC</latexit>

m & 10�24 eV

Fuzzy Dark Matter - bounds on the mass
Suppression of  small structures + evolution



Observational implications and constraints
Fuzzy Dark Matter - bounds on the mass

“Ultra-light dark matter”, E.F., 2020. The Astronomy and

Astrophysics Review.

Bounds consider FDM is all DM

 ,  

      Strong lensing

PTA

Our group has some of the strongest bounds on these models!

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


 ,  

      Strong lensing

PTA

Observational implications and constraints “Narrowing the mass range of  Fuzzy Dark 
Matter with Ultra-faint Dwarfs”, J. 
Chan, E.F., K. Hayashi, 2021.Fuzzy Dark Matter - bounds on the mass

Ultra faint dwarfs

Presence of  a core

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


 ,  

      Strong lensing

PTA

Ultra-light Dark Matter
Fuzzy Dark Matter - bounds on the mass

• Stellar kinematic data from 18 UFDs to fit the 
FDM profile from simulations

FDM mass from Ultra-faint dwarfs

m (Seg1)
FDM = 1.1+8.3

−0.7 × 10−19 eV

Hayashi, E.F,Chan, 2021.

Preference for higher mass 

Ultra faint dwarfs

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Ultra-light Dark Matter
Fuzzy Dark Matter - bounds on the mass

• Stellar kinematic data from 18 UFDs + classical dwarfs to fit 
the FDM profile from simulations

FDM mass from Ultra-faint dwarfs

Shun'ichi 
Horigome

Shin'ichiro 
Ando

• New analysis:

(Work in progress)

- Improved modelling of  FDM based on previous work and 
simulation from our group

 ,  

      Strong lensing

PTA

- Using environmental effects to put informed priors for 
Bayesian analysis the dwarfs quantities - SASHIMI

Result: more conservative and improved bounds

Lessons for PFS analysis!

Preparation for PFS!

+ Improved zoom in simulations to understand sub-halo 
properties

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


These models can be constrained


Fuzzy Dark Matter - bounds on the mass

Sweet spot for solving small scale problems

Current status

 ,  

BUT: - systematic effects!!

  - dynamics of  FDM not 
fully understood.

Need:

- Observations

- Improve sims

- New observables

- New probes

      Strong lensing

It is not because a bound is here that is correct!

Some bounds are incompatible! 

Caner et al: FDM at most 10% for 
<latexit sha1_base64="ggPQUkBz62oiSlDzC2Kkmn3QzuI=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0VwoSUp1bpwUXTjsoJ9QBPLZDpph84kYWYilJAvceOvuHGhiOBK/8ZJm4W2HrhwOOde7r3HixiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZRgLTFo4ZKHoekgSRgPSUlQx0o0EQdxjpOONrzO/80CEpGFwpyYRcTkaBtSnGCkt9c0z27pPTqt2Cp0T6HCkRoInpJ3CS8h1TV27Pu/2zbJVsaaAi8TOSRnkaPbNT2cQ4piTQGGGpOzZVqTcBAlFMSNpyYkliRAeoyHpaRogTqSbTN9L4ZFWBtAPha5Awan6eyJBXMoJ93RndqKc9zLxP68XK//CTWgQxYoEeLbIjxlUIcyyggMqCFZsognCgupbIR4hgbDSiZZ0CPb8y4ukXa3Y55Xaba3cuMrjKIIDcAiOgQ3qoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8YXz8vJp9+</latexit>

10�21 eV < m < 10�17 eV

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021



Phenomenology
Wave interference: granules and vortices

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Mocz et al. 2017
Order one fluctuations in density          ⟶ Constructive interference: granules


Destructive interference



Vector, higher spin or multicomponent FDM

Amin et al 2022

Gonseca et al 2023

Vector (and higher-spin) FDM

Multicomponent FDM

ULDM or ULA are a coherent wave - same frequency and constant phase difference

(Vector FDM = 3 x same mass FDM (spin 0))

Interference patterns

Multiple coherent waves 

For ULDM:
Gonseca et al 2023

Multiple FDM or VFDM (or higher spin s FDM) 
attenuates the granule amplitude by

<latexit sha1_base64="0Gruk7OXA9zOePuEPuZjLwj+MiE="></latexit>

[�⇢/⇢]nfdm,s

[�⇢/⇢]fdm
/ 1p

(2s+ 1)
=

1p
N

(Amin et al 2022)



Modeling a granular halo
Coherent wave oscillation of  ULDM

<latexit sha1_base64="Ypi9mwSX3ZdPn+IPH+JCJOdXXAg="></latexit>
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Modeling a granular halo
Coherent wave oscillation of  ULDM

<latexit sha1_base64="Ypi9mwSX3ZdPn+IPH+JCJOdXXAg="></latexit>

�(t, ~x) = m�1
p

2⇢(t, ~x) cos[mt+ ✓]

Fixed 
freq.

Constant 
phase

Nakatsuka et al 2022

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Superposition of  plane waves

…

But, the halo in these models is like this:



Modeling a granular halo
Coherent wave oscillation of  ULDM

<latexit sha1_base64="Ypi9mwSX3ZdPn+IPH+JCJOdXXAg="></latexit>

�(t, ~x) = m�1
p

2⇢(t, ~x) cos[mt+ ✓]

Fixed 
freq.

Constant 
phase

'output_for_mp4/output533.dat.z271'
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Halo

Core

Superposition of  plane waves

…

But, the halo in these models is like this:

⌘
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10�22 eV
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Modeling a granular halo
Full SP simulations can describe perfectly this interference pattern (while fluid ones cannot describe it)

…

OR

We can adopt simpler descriptions of  the galactic halo to describe this effect.

1) A simple model of  a galactic halo, consider a 
superposition of  plane waves:

Wave interference produces de-Broglie-scale, order unity density 
fluctuations which vary on time scale of  tdB

Randomly distributed

This collection of  plane waves can also be represented like this:
<latexit sha1_base64="0fGtYfBV1t1E0rJw3z7qo0wx060=">AAACJXicbVDLSgMxFM3UV62vUZdugkVosZQZkepCoerGZQX7gE4pmTRtQzMPkjvFMvRn3PgrblxYRHDlr5g+KNp64MLJOfeSe48bCq7Asr6MxMrq2vpGcjO1tb2zu2fuH1RUEEnKyjQQgay5RDHBfVYGDoLVQsmI5wpWdXt3Y7/aZ1LxwH+EQcgaHun4vM0pAS01zSsn7PIM5Jw+o/HTMIuv8U1m/nBooHDGw04OAz7FDhFhl8ztbNNMW3lrArxM7BlJoxlKTXPktAIaecwHKohSddsKoRETCZwKNkw5kWIhoT3SYXVNfeIx1YgnVw7xiVZauB1IXT7gifp7IiaeUgPP1Z0ega5a9Mbif149gvZlI+Z+GAHz6fSjdiQwBHgcGW5xySiIgSaESq53xbRLJKGgg03pEOzFk5dJ5SxvF/KFh/N08XYWRxIdoWOUQTa6QEV0j0qojCh6Rq/oHY2MF+PN+DA+p60JYzZziP7A+P4Ban6iwg==</latexit>

�(t, ~x) = A(~x) cos(mt+ ↵(~x))

describes the interference 
patterns

2) Another model would superimpose eigenstates of  a desired 
gravitational potential (Lin et al. 2018, Li et al. 2021)

Perform an eigenmode decomposition of  the halo wavefunction, where the 
eigenmodes are for a fixed gravitational potential

   is the energy of  each eigenmode (labeled abstractly by k), with  
replaced by the corresponding eigenfunction.
→ ωk ei ⃗k⋅ ⃗x

Radial eigenfunction

Energy eigenvalue

energy eigenmodes of  the gravitational potential of  the 
virialized halo



Interference pattern

Simulation by Jowett Chan

 fluctuations in density          𝒪(1) ⟶

FDM constraints 2.0

PROBES:

- Strong lensing

- Stellar streams

- Heating

- Dynamical friction

Heating System (star) 
gains energyFDM granule

Friction

System (GC or BH) 
loses energy

Globular cluster

FDM granule



 ,  

Interference patterns - granules

      Strong lensing A. Laroche et al, 2022

Dalal et al, 2022

Strong lensing

Stellar heating

mFDM > 10−21.5 eV

mFDM > 3 × 10−19 eV

      Strong lensing D. Powell et al, 2023
<latexit sha1_base64="Kv4egoDel/IeBMzNmK+83XFN/f8=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXtcyU+lhJURE3QgX7gM5YMmnahiaZIckIZZifcOOvuHGhiFvBnX9jpu1CWw9cOJxzL/fe44eMKm3b39bc/MLi0nJmJbu6tr6xmdvarqsgkpjUcMAC2fSRIowKUtNUM9IMJUHcZ6ThDy5Sv/FApKKBuNPDkHgc9QTtUoy0kdq5Am/HV5c3CTyD5WIZuppyoqBj38eHJSeBbgG6HOm+5DGpJ+1c3i7aI8BZ4kxIHkxQbee+3E6AI06Exgwp1XLsUHsxkppiRpKsGykSIjxAPdIyVCCz3ItHXyVw3ygd2A2kKaHhSP09ESOu1JD7pjM9UU17qfif14p099SLqQgjTQQeL+pGDOoAphHBDpUEazY0BGFJza0Q95FEWJsgsyYEZ/rlWVIvFZ3j4tFtOV85n8SRAbtgDxwAB5yACrgGVVADGDyCZ/AK3qwn68V6tz7GrXPWZGYH/IH1+QNe+5yB</latexit>

mFDM > 4.4⇥ 10�21 eV

Heating

System (star) gains 
energy

FDM granule

Galaxy dynamics

J. Chan, et al 2022 


See Peter Graham talk

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


 ,  

Interference patterns - granules

 ,  

      Strong lensing A. Laroche et al, 2022

Dalal et al, 2022

Strong lensing

Stellar heating

mFDM > 10−21.5 eV

mFDM > 3 × 10−19 eV

      Strong lensing D. Powell et al, 2023
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mFDM > 4.4⇥ 10�21 eV

Heating

System (star) gains 
energy

FDM granule

Galaxy dynamics

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Strong lensing
Strong lensing: sensitive to the mass distribution of  the total matter in the lens system

Flux anomaly Resolved imaging

Unresolved strong lensed system

Any asymmetry in the structure in the lens, can break the 
symmetry that yielded the flux ratio predictions 

Resolved strong lensing from galaxy surface brightness



Strong lensing
Low mass perturber with lensing

• Strong lensing: powerful probe of  substructure


• Sensitivity is limited by angular angular resolution 


• Roughly speaking, the resolution must be better than the scale 

radius of  the perturber



Strong lensing

Previous works:

J. Chan, H.Schive, S.g Wong, T. Chiueh, T. Broadhurst, 2020

A. Laroche, Daniel Gilman, X. Li, J. Bovy, X. Du, 2022 


Presence of  granules 

J. C
han et al. 2020

Low mass perturber with lensing

Fuzzy lens: fluctuating tangencial critical curve; flux ratio 
anomalies also sizable.

Surface densities overlaid with sources and quad images 
for fuzzy and smooth lenses



 ,  

Interference patterns - granules

      Strong lensing A. Laroche et al, 2022

Dalal et al, 2022

Strong lensing

Stellar heating

mFDM > 10−21.5 eV

mFDM > 3 × 10−19 eV

      Strong lensing D. Powell et al, 2023
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mFDM > 4.4⇥ 10�21 eV

Heating

System (star) gains 
energy

FDM granule

Galaxy dynamics

J. Chan, et al 2022 


See Peter Graham talk

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc


D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola


MG J0751+2716

Data taken at 1.6 GHz using global very long baseline interferometry (VLBI) with an angular resolution, measured as the 
full width at half  maximum (FWHM) of  the main lobe of  the dirty beam response, of  5.5×1.8 mas2 


• Lensed radio jet, observed with global VLBI


• First image of  a lensed radio jet! 


• Source structure allows us to “image” the lens surface density 


• Extended lensed radio arcs and the milli-arcsecond resolution 

provide direct sensitivity to the presence of  FDM granules  in 

the halo of  the lens galaxy


Bayesian approach to jointly inferring the lens mass model and 

source surface brightness distribution 


(Suyu et al. 2006; Vegetti & Koopmans 2009; Hezaveh et al. 2016; Rizzo et al. 2018) 



Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc


D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola


Forward modelling
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m = DL(� , ⌘) s

Instrumental response

Lens operator

source

Potential perturbations 

Smooth lens model
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� (mfdm, fdm,�v)

FDM granules: 

 - is the perturbation of  the lensing potential - 
fluctuations in the projected surface mass density written as 
perturbations in the lensing convergence due to the presence of  
the granules:
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� (mfdm, fdm,�v)

We wish to infer a posterior distribution on the dark matter particle mass 


<latexit sha1_base64="u37sGpzfelCj53AINqkPT7sabUU="></latexit>

h�2i = �db

2
p
⇡⌃2

c

Z

los
⇢2DM dl

Model by Chan et al 2020: statistics of  spatially-varying surface mass 
density fluctuations, given the density profile of  the dark matter, as well as 
some basic assumptions on the behavior of  scalar fields in a potential well

We compute likelihoods for 104 sample FDM lens realizations with  drawn from 
the log-uniform prior range log( /eV) ∈ [−21.5, −19.0]. 

mfdm
mfdm
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P(mfdm)

Smooth lensing model: from Powell et al 2022



Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc


D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola


Example convergence maps with corresponding MAP surface mass density maps (𝜅, in units of  the critical density Σ𝑐) reconstruction for 4 
random realizations of  MG J0751+2716 in an FDM cosmology - the model lensed images in orange contours 


The lensing effect of  the FDM granules is apparent: The critical curves wiggle back and forth across the lensed arcs, which would require the 
presence of  multiple images of  the same region of  the source along the arc. 




Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc


D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola


Fuzzy dark matter

(Single spin-0 particle)

Vector fuzzy dark matter

(spin-1 particle)


OR 3 same mass FDM

Spin-2 FDM
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mfdm > 4.4⇥ 10�21 eV
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mspin�2 > 8.8⇥ 10�22 eV

<latexit sha1_base64="m3B1uW7XELIgPNyh87k3HFKShV4=">AAACHnicbVDLSgMxFM34rPU16tJNsAgudJiU+lhJ0Y3LCvYBnVoyaaYNTWaGJFMow3yJG3/FjQtFBFf6N6YPQVsPXDiccy/33uPHnCntul/WwuLS8spqbi2/vrG5tW3v7NZUlEhCqyTikWz4WFHOQlrVTHPaiCXFwue07vevR359QKViUXinhzFtCdwNWcAI1kZq26einXoC654U6aAjsgxeQuSUoKeZoAoi9z49KaIMesfwp43WsrZdcB13DDhP0JQUwBSVtv3hdSKSCBpqwrFSTeTGupViqRnhNMt7iaIxJn3cpU1DQ2yWt9Lxexk8NEoHBpE0FWo4Vn9PpFgoNRS+6RydqGa9kfif10x0cNFKWRgnmoZksihIONQRHGUFO0xSovnQEEwkM7dC0sMSE20SzZsQ0OzL86RWdNCZU7otFcpX0zhyYB8cgCOAwDkogxtQAVVAwAN4Ai/g1Xq0nq03633SumBNZ/bAH1if3/jToSQ=</latexit>

mvdm > 1.4⇥ 10�21 eV

Results quoted in terms of  posterior odds ratio (POR) between FDM with a particle mass  and 
the smooth model, / smooth 

mfdm
𝒫 𝒫



Only DM

Mostly DM

”MOND”

Pulsar Timing Array

Binary stars

Stellar streams

Stochastic lensing

Solar system

Mass, spin (# particles), fraction self  interaction
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Strong lensing

axion-photon coupling

axion-photon coupling

Wave interference
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m ⇠ 10�[16�10] eV
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m ⇠ 10�[23�18] eV
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m ⇠ 10�[22�17] eV

Heating + coherent 
perturbations



Microlensing

Mass, spin (# particles), fraction self  interaction
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Wave interference
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m ⇠ 10�[23�18] eV
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Microlensing Stochastic lensing



(Work in progress)
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Wentao Lui, Yin Li and Shurui LinStochastic lensing
ULDM

Lensing
observer at the origin and source a 

distance D away along the line of  sight 

We approximate the dark matter granules as a Gaussian 
random field with correlation length equal to the de Broglie 
wavelength, λ = ħ/mσ, and expectation and variance given
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observer at the origin and source a 

distance D away along the line of  sight 
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Observational effect

Every source in the galaxy will flicker with a period given by the mass Objects to use?
Ex.: globular cluster, star, …



(Work in progress)
In collaboration with Andrew Eberhardt, 

Wentao Lui, Yin Li and Shurui LinStochastic lensing
Granules

Soliton oscillation
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⇠ O(10�17) eV
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⇠ O(10�23
� 10�22) eV



The search for dark matter (ULDM) is a 
multi-probe/multi-scale endeavour…



 ,  

      Strong lensing

PTA Considering FDM is 100% of  DM


Fuzzy Dark Matter - bounds on the mass

Sweet spot for solving small scale problems

Current status

 ,  

BUT: - systematic effects!!

  - dynamics of  FDM not 
fully understood.

What if:

-DM not 100%

-Mixed CDM+ULDM

-More than one field - axiverse

-…

These bounds would change!

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Fuzzy Dark Matter - bounds on the mass
Current status
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Cosmological and astrophysical 
searches

Indirect detection "Direct detection”

Axion/ALPs experiments

Gravitational Interactions with the SM

      

If  ULDM are axions/ALPs



Measuring axion/ALP birefringence
Birefringence CMB Birefringence strong lensing

D. Zhang, EF, I. Obata, T. Namikawa, 2408.08063 
(Work in progress)

In collaboration with Simona Vegetti and 
Devon Powell



Fuzzy Dark Matter - bounds on the mass
Current status
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The search for dark matter (ULDM) is a 
multi-probe/multi-scale endeavour…

exciting times for axion dark matter



Stay tuned

Reviews of  Modern Physics

New review on Ultra-light Dark Matter2025

Andrew 
Eberhardt

with



Summary

Well motivated DM models

Rich and distinct phenomenology on small scales 

Testable prediction

Ultra-Light Dark Matter
Current status

Granules

for 100% DM!FDM:
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mfdm > 4.4⇥ 10�21 eV
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mvdm > 1.4⇥ 10�21 eV

Strong lensing:

Heating: mFDM > 3 × 10−19 eV

Future

Observations


Improve in simulations

New probes/observables


